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a b s t r a c t 
The proton irradiation behaviors of two kinds of SA-738Gr.B steels prepared by different heat treatment 
used as AP10 0 0 reactor containment were investigated by transmission electron microscopy and positron 
annihilation lifetime spectrum (PAS). The mechanical properties of as-received steels were also measured. 
In the unirradiated conditions, the SA-738Gr.B steels had high tensile strength and excellent impact frac- 
ture toughness, which met the performance requirements of ASME codes. Both kinds of SA-738Gr.B steels 
were irradiated by 400 keV proton from 1.07 ×10 17 H + /cm 2 to 5.37 ×10 17 H + /cm 2 ﬂuence at 150 ºC. Some 
voids and dislocation loops with several nanometers were observed in the cross-section irradiated sam- 
ples prepared by electroplating and then twin-jet electropolishing technology. The number of irradiation 
defects increased with increasing of displacement damage, as well as for the mean positron lifetimes. 
The stress-relief annealing treatment improved irradiation resistance based on open volume defect anal- 
ysis from proton irradiation. SA-738Gr.B (SR) steel had higher proton irradiation resistance ability than 
that of SA-738Gr.B (QT) steel. The mechanism of irradiation behaviors were also analyzed and discussed. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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21. Introduction 
In order to enhance nuclear energy safety and improve eco-
nomic eﬃciency, Generation III nuclear power plants with more
safe and eﬃcient are constructing in various countries such as
China. The typical representative is AP10 0 0 advanced passive nu-
clear power designed by Westinghouse Corporation that adopts
gravity and natural circulation of water [1] . The passive contain-
ment cooling system of AP10 0 0 is a double-layer structure that
consists of steel-made containment and reinforced concrete shield
building, which is difference with traditional pre-stressed concrete
containment [2] . The unconventional design of AP10 0 0 nuclear
containment brings the high-level requirements of the welding
performance, tensile strength and low temperature toughness. The
design pressure and temperature of AP10 0 0 reactor containment
is 0.407 MPa and 300 ºF (about 150 ºC), respectively [1,3] . AP10 0 0
reactor containment manufactured using SA-738Gr.B steel has ex-
tremely large size, which involves many welding assemblies and
will be subjected to a complex service environment. So, it needs
the SA-738Gr.B steel to have high comprehensive performance in
order to ensure nuclear power safety. However, it has less done∗ Corresponding author. Fax: 86 0592 2185278. 
E-mail address: gran@xmu.edu.cn (G. Ran). 
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s weld ability, corrosion properties and irradiation behaviors. L. Z.
ing [4] just reported the weld ability of SA-738Gr.B steel. 
In fact, as a reactor containment, SA-738Gr.B steel hardly suf-
ers neutron irradiation under safe operation condition because
he maximum neutron dose of nuclear pressure vessel in 60 year
ervice is just about 0.05 dpa (displacement per atom, dpa) [5] .
owever, the irradiation properties should be considered in case
f nuclear accident, which decides the accident tolerance ability
f reactor containment. Actually, less literatures reported its irra-
iation behaviors. In the present work, the irradiation properties
f two kinds of SA-738Gr.B steels irradiated with different pro-
on ﬂuence were investigated by transmission electron microscopy
nd positron annihilation lifetime spectrum (PAS). Proton irradia-
ion has been demonstrated as a superior method for simulating
eutron irradiation in studying the irradiation behavior of stainless
teels [6] . In addition, PAS can reveal more details of irradiation-
nduced defects at a low irradiation dose [7] . 
. Experiment 
The samples used in this study were two kinds of SA-738Gr.B
teels provided by Wuhan Iron & Steel (Group) Corporation in
hina. The heat treatment for one kind of steel was quenching and
empering, and for another kind of steel was quenching, temperingnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
The chemical composition of SA-738Gr.B steel (mass fraction, %). 
C Si Mn P S Ni Cr Mo Nb + V + Ti CE Fe 
0 .09 0 .28 1 .42 ≤ 0.015 ≤ 0.005 0 .41 0 .04 0 .22 ≤ 0.10 0 .42 Bal. 
Fig. 1. Depth proﬁle of displacement damage in SA-738Gr.B steel irradiated by 
400 keV H + with different ion ﬂuence calculated by SRIM 2008. 
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Fig. 2. Metallographic images of as-received SA-738Gr.B steel (QT) steel (a) and SA- 
738Gr.B (SR) steel (b). 
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and then stress-relief annealing (SR), which were represented
sing SA-738Gr.B (QT) steel and SA-738Gr.B (SR) steel, respectively.
he stress-relief annealing treatment was carried out at 600 ºC for
0 h. The speeds of both rising temperature and decreasing tem-
erature were controlled below 80 ºC/h. The chemical composition
f SA-738Gr.B steel was listed in Table 1 , which perfectly met the
equirement of ASME standard [8] . 
The samples with about 10 mm × 10 mm × 3 mm used for met-
llographic analysis and ion irradiation were ﬁrstly cut from as-
eceived steel plates by using a precision diamond knife cutting
achine and then grinded by SiC sandpapers from 180 to 50 0 0
rid, polished using 3 ∼0.05 μm diamond suspensions. After that,
ome samples were ﬁnally chemical etched using a 4% nitric acid
lcohol solution for metallographic observation, and others were
lectrochemical polished using a 5% HClO 4 ethanol solution for ion
rradiation experiment. Both sides of each sample 3 mm in diam-
ter from as-received steels were ﬁrstly ground using SiC sandpa-
er from 240 to 1200 grid and then polished using 1 μm diamond
aste. Finally, samples were twin-jet electropolished using a 10%
ClO 4 ethanol solution to perforation for TEM observations. 
Irradiation was conducted at 150 ºC with 400 keV H + using a
EC 400KV ion implanter in our research group. The ion ﬂux was
ept at 2 ×10 13 ions/cm 2 .s to prevent temperature ramping from
xcessive beam heating. The depth distribution of displacement
amage was simulated by Monte Carlo calculations using the Stop-
ing and Range of Ions in Matter (SRIM) 2008 as shown in Fig. 1 .
he displacement energy of all elements in the SA-738Gr.B steel
as assumed to be 40 eV [9] . The H + ion implantations result-
ng in peak displacement damage was 1.0dpa, 0.5dpa and 0.2dpa
fter irradiation with 5.37 ×10 17 H + /cm 2 , 2.68 ×10 17 H + /cm 2 and
.07 ×10 17 H + /cm 2 , respectively [10] . The depth of peak displace-
ent damage was about 1850 nm as shown in Fig. 1. 
Because of low irradiation depth, the cross-section TEM samples
ere prepared by electroplating and then twin-jet electropolishing
echnology [11] . The irradiated bulk surface was ﬁrstly deposited
 nickel coating with about 2 mm thickness by an electroplating
echnique in modiﬁed Wood nickel solution and then cut into thinlices along the ion incident direction by using a precision dia-
ond knife cutting machine. The samples with 3 mm in diameter
ere cut from the cross-section thin slices using a hole punch. In
rder to obtain a perfect TEM samples, it needed to make sure
he boundary between irradiated area and nickel coating located
n the middle of ϕ3mm. The cross-section samples were further
hinned by a dimple grinder, and then were twin-jet electropol-
shed using a 10% HClO 4 ethanol solution to perforation for TEM
bservations. The microstructure of the as-received TEM samples
nd the cross-section irradiated TEM samples were analyzed by
sing a JEOL 2100 transmission electron microscope. 
Positron annihilation lifetime spectrum performed at room
emperature and tested by means of a conventional fast-fast coin-
idence positron lifetime spectrometer using 22 Na positron source
hich consist of a pair of BaF 2 detectors providing the time reso-
ution of 170 ps full-width at the half-maximum. Measured spectra
as transformed into two exponential components by LT9.0 pro-
ram after subtracted background value [12] . Each spectra accu-
ulated two million counts during the test process. 
The mechanical properties including tensile properties and im-
act fracture toughness of as-received steels were also measured.
he tensile samples were machined according to ASTM E8M. Ten-
ile test was carried out on an Instron1341 servo-hydraulic test-
ng machine with cylindrical samples at room temperature using
 strain rate of 0.008 s −1 . An extensometer was used to measure
ield strength (0.2% strain), ultimate tensile strength (UTS) and
longation ( δ). The impact fracture toughness was also test us-
ng charpy V-notch samples at room temperature, 0 ºC, −20 ºC and
40 ºC. 
. Results and discussions 
Fig. 2 is metallographic images of the unirradiated SA-
38Gr.B(QT) steel and SA-738Gr.B(SR) steels. It is observed that the
orphology of SA-738Gr.B steel is a mixture of lath-shaped and
quiaxial bainite with a small amount of medium temperature fer-
ites. The length and width of lath-shaped bainites are tens of mi-
rons and several hundred nanometers, respectively. A large num-
er of carbide precipitates distribute at the boundaries of bainite
rain, which shows as dark microstructure in the metallographic
mages. According to the metallographic analysis, it can be con-
luded that the stress-relief annealing treatment dose not obvi-
usly change the morphology of SA-738Gr.B steel. Only the disper-
ive degree of carbide precipitates in SA-738Gr.B(SR) steel is a little
arger than that in SA-738Gr.B (QT) steel from metallographic im-
ges. 
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Table 2 
Tensile properties and Charpy impact test results of the as-received SA-738Gr.B steel. 
Samples Tensile properties Charpy impact properties, KV 2 (J) 
Yield strength, R 0.2 /MPa Ultimate tensile strength, R m /MPa Elongation, % −40 ºC −20 ºC 0 ºC RT 
SA-738Gr.B(QT) 503 .06 603 .43 44 .98 270 .2 283 .5 310 .2 276 .6 
SA-738Gr.B(SR) 520 .8 621 .5 42 .32 243 .6 264 .3 275 .3 268 .4 
Fig. 3. TEM analysis results of as-received SA-738Gr.B steels, (a) and (c) TEM BF 
images of SA-738Gr.B(QT) steel and SA-738Gr.B(SR) steel, respectively; (b) and (d) 
High-angle annular dark ﬁeld STEM images and element mapping results of precip- 
itates in the SA-738Gr.B (QT) steel and SA-738Gr.B(SR) steel, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Under-focused TEM images showing the microstructure of SA-738Gr.B steel 
irradiated with 5.37 ×10 17 H + /cm 2 ﬂuence at 150 ºC, (a) and (b) SA-738Gr.B (QT) 
steel; (c) and (d) SA-738Gr.B(SR) steel. Both (b) and (d) are high magniﬁcation of 
peak irradiation damage area. 
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i  Fig. 3 is TEM observation results showing the microstructure
of as-received SA-738Gr.B (QT) steel and SA-738Gr.B (SR) steels. A
large number of precipitates with several hundred nanometers dis-
tribute in steel matrix, such as dark microstructure in the grain
boundaries as shown in Fig. 3 (a) and (c) which are TEM bright
ﬁeld (BF) images, and bright microstructure in the grains as shown
in Fig. 3 (b) and (d) which are the high-angle annular dark ﬁeld
STEM images. The stress-relief annealing treatment will induce mi-
croelements such as Mn, Al, Mo separating out from steel ma-
trix and promote precipitates growth. According to statistic results,
the average size of precipitates in SA-738Gr.B (SR) steel is a lit-
tle larger than that in SA-738Gr.B (QT) steel. Selected area elec-
tron diffraction (SAED) pattern from letter ‘A’ particle is inserted
at the top right corner in Fig. 3 (a). Analyzing of this SAED pattern
and with energy dispersion spectrum (EDS) test results, it shows
that the precipitate is carbide with cubic crystal structure includ-
ing C, Mn and Fe and Ni elements. In addition, some precipitates
with few tens of nanometers can be also observed in steel ma-
trix as indicated by white arrows in Fig. 3 (b) and (d), which have
different chemical com position with lar ge size of precipitates with
bright color. The inserted images located at the top right corner in
Fig. 3 (b) are the element mapping results including MnK, AlK and
FeK elements. The precipitates with about 200 nm size are rich in
Mn and Fe elements and deﬁcient in Al element, while the small
precipitates with dark color are rich in Al element and deﬁcient in
Mn and Fe elements. Same results are obtained in SA-738Gr.B(SR)
steel. 
Tensile test results of SA-738Gr.B steel at room temperature are
listed in Table 2 . The yield strength and ultimate tensile strength
of SA-738Gr.B are 503.06 MPa and 603.43 MPa, respectively. And
the corresponding values are 520.8 MPa and 621.5 MPa for SA-
738Gr.B (SR). The elongation of SA-738Gr.B and SA-738Gr.B(SR)
is 44.98% and 42.32%, respectively. Obviously, the yield strength
and ultimate tensile strength of SA-738Gr.B (SR) are larger than
those of SA-738Gr.B, while an opposite trend is shown in elon-
gation, which due to the function of the stress-relief annealing
treatment. According to ASME codes, using as the AP10 0 0 reactor
containment, the mechanical properties of SA-738Gr.B steel shoulde met standard values at room temperature: the ultimate ten-
ile strength should be in the range of 585 ∼705 MPa; the minimal
ield strength is 415 MPa; and the elongation should be more than
0% [8] . According to the experiment results, the tensile properties
f both kinds of SA-738Gr.B steels are higher than those require-
ents of ASME standard. 
Charpy impact test results of SA-738Gr.B steel are also listed in
able 2 . The impact values initially increase then fall with increas-
ng of test temperature. The impact energy of SA-738Gr.B (QT) steel
s larger than that of SA-738Gr.B(SR) steel at the range of temper-
ture from −40 ºC to room temperature. However, the minimal ab-
orbed energy is over 240 J for both of these two kinds of steels,
hich demonstrates both steels having excellent impact proper-
ies. The mainly fracture mechanism is dimple cleavage fracture
nd quasi-cleavage fracture from the morphology of impact frac-
ure. According to the ASME codes, the impact properties of these
wo kinds of SA-738Gr.B steels meet the standard requirements. 
The TEM BF images of the cross-section microstructure of SA-
38Gr.B steels irradiated with 5.37 ×10 17 H + /cm 2 ﬂuence at 150 °C
re shown in Fig. 4 . According to SRIM simulation results, the peak
rradiation damage is 1.0dpa. Fig. 4 (b) and (d) are the high magniﬁ-
ation of peak irradiation damage area of SA-738Gr.B(QT) steel and
A-738Gr.B(SR) steel, respectively. Some experiment information
ncluding irradiation surface, incident direction of H + ions, nickel
oating and irradiation damage depths are marked in Fig. 4 (a) and
b). Several precipitates are observed in the cross-section samples
nd not changed to amorphous according to selected area electron
iffraction patterns. 
Some voids with about several nanometers are observed in
teel matrix as indicated by black arrows in Fig. 4 (b) and (d) which
re the under-focused TEM BF images. The numbers of voids in
A-738Gr.B(QT) sample are larger than that in SA-738Gr.B(SR)
ample. In addition, several dislocation loops are also observed
n the cross-section SA-738Gr.B(SR) sample as indicated by white
Y. Ma et al. / Nuclear Materials and Energy 8 (2016) 18–22 21 
Fig. 5. The positron lifetime results of irradiated SA-738Gr.B and SA-738Gr.B(SR) 
samples. 
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1rrows in Fig. 4 (d). In the present work, the cross-section sam-
les of SA-738Gr.B(QT) steel and SA-738Gr.B(SR) steel irradiated
ith 2.68 ×10 17 H + /cm 2 and 1.07 ×10 17 H + /cm 2 ﬂuence at 150 °C
re also observed and analyzed using transmission electron mi-
roscopy. As a whole, the number of dislocation loops decrease
ith decreasing of irradiation ﬂuence. Statistical analysis shows
hat the density of voids are 611 voids/μm 2 and 476 voids/μm 2 in
A-738Gr.B (QT) steel and SA-738Gr.B(SR) steel irradiated with
.37 ×10 17 H + /cm 2 ﬂuence, respectively. Correspondingly, the val-
es decrease to 424 voids/μm 2 and 371 voids/μm 2 after irradiation
ith 2.68 ×10 17 H + /cm 2 ﬂuence, respectively. Obviously, at same
rradiation condition, the density of voids is higher in SA-738Gr.B
QT) steel than that in SA-738Gr.B(SR) steel. The stress-relief
nnealing treatment changes the microstructure of SA-738Gr.B
teel and improves the ability of irradiation resistance. In addition,
he voids are not observed in the cross-section samples after irra-
iation with 1.07 ×10 17 H + /cm 2 ﬂuence due to the low irradiation
uence. Actually, even for 0.5 dpa and 1.0 dpa, the size of voids
s quite small, which shows these voids in irradiated SA-738Gr.B
teel are still in the incubation period and do not obviously gather
nd grow. The displacement damage does not exceed its threshold
alue [13] . 
In fact, when the displacement damage is enough small such as
.2 dpa, transmission electron microscopy is not the most appro-
riate method to analyze and characterize the proton irradiation
ehavior relative to open volume defect evolution of steels. The
pen volume defects (vacancies, vacancy clusters and dislocation
oops etc.) will capture positrons. The life and relative intensity of
ositrons will change with respect to the size and concentration
f open volume defects in positron annihilation lifetime spectrum
14] . So, in the present work, positron annihilation lifetime spec-
rum is also used to analyze the irradiation behavior of SA-738Gr.B
teel, which will provide the relative defect concentration in order
o compare the ability of irradiation resistance [14,15] . 
The short lifetimes ( τ 1 ), mean lifetimes ( τ av = I 1 ×τ 1 + I 2 ×τ 2 )
nd long lifetimes ( τ 2 ), together with the relative intensities I 2 
I 1 + I 2 = 1) varied with the displacement damage of SA-738Gr.B
teels are shown in Fig. 5 . The relative intensities I 2 of SA-
38Gr.B(SR) steel are larger than those of SA-738Gr.B(QT) steel
t the same displacement damage except for 0.2dpa as shown in
ig. 5 (a). The intensity of long lifetimes in SA-738Gr.B(SR) steel in-
reases with increasing of displacement damage which shows the
ncrease of positrons trapped to the irradiation-induced defects. In
ontrast, for SA-738Gr.B(QT) steel, the values of I slightly decrease,2 hich is likely that vacancy clusters agglomerate under irradiation-
nduced diffusion [16] . The I 2 values of SA-738Gr.B(QT) steel are
0.8%, 60.1% and 58.9% at 0.2 dpa, 0.5 dpa and 1.0 dpa displacement
amage, respectively. 
The mean positron lifetimes of both steels are longer than that
f well-annealed pure Fe (about 110 ps and increase with increas-
ng of displacement damage as a result of the formation of de-
ects induced by proton irradiation [14,17] . The long lifetimes τ 2 
s about 150–180 ps for both SA-738Gr.B steels at the range of
.2 dpa to 1.0 dpa due to the contribution of small size defects,
.e. V 1 − V 2 , dislocations and/or dislocation loops [18,19] . Similar
ith mean positron lifetimes, both the value of τ 2 and τ 1 in
A-738Gr.B(QT), increase with increasing of displacement damage,
hich indicates that the formation of corresponding large defect
lusters, and the increase of short lifetime τ 1 indicates a higher
robability of positrons to be trapped by simple-open volume de-
ects, indicating an increase in the number density of these defects
19] . In contrast, no obvious variations of the lifetime parameter τ 2 
nd τ 1 in SA-738Gr.B(SR) steel are observed from 0.2 to 1.0 dpa. 
. Conclusions 
The proton irradiation behaviors of two kinds of SA-738Gr.B
teels used as AP10 0 0 reactor containment, which manufactured
y Wuhan Iron & Steel (Group) Corporation in China, were inves-
igated by transmission electron microscopy and positron annihi-
ation lifetime spectrum. The microstructures of as-received steels
nd the cross-section irradiated samples prepared by electroplat-
ng and then twin-jet electropolishing technology were observed
nd analyzed. The mechanical properties of as-received steels were
lso measured. The experiment results can be made as: 
(1) SA-738Gr.B steels had high tensile strength and excellent
impact fracture toughness, which met the performance re-
quirements of ASME codes. In the unirradiated conditions,
the yield strength and ultimate tensile strength of SA-
738Gr.B steels were up to 500 MPa and 600 MPa, respec-
tively. Meanwhile, the elongation was above 42%. The impact
energy of SA-738Gr.B steel exceeded 243 J KV 2 from room
temperature to −40 ºC. 
(2) After irradiation with 400 keV proton from
1.07 ×10 17 H + /cm 2 to 5.37 ×10 17 H + /cm 2 ﬂuence at 150 ºC.
Some voids and dislocation loops with several nanometers
were observed in the cross-section irradiated samples. The
number of irradiation defects increased with increasing of
displacement damage. The PAS results indicated the mean
positron lifetimes of both steels slightly increased with
increasing of displacement damage as a result of defect
formation induced by proton irradiation. 
(3) The stress-relief annealing treatment improved the irradia-
tion resistance based on open volume defect analysis from
proton irradiation. SA-738Gr.B (SR) steel had higher proton
irradiation resistance ability than that of SA-738Gr.B (QT)
steel. 
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